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BP AND OASIS IMPACT STRUCTURES, LIBYA, AND
THEIR RELATION TO LIBYAN DESERT GLASS: PETROG-
RAPHY, GEOCHEMISTRY, AND GEOCHRONOLOGY.
B. Abate', C. Koeberl', I. R. Underwood Jr.% E. P. Fisk®, and R. F.
Giegengack®, 'Institute of Geochemistry, University of Vienna,

Althanstrasse 14, A-1090 Vienna, Austria (christian.koeberl@ -

univie.ac.at), 2Department of Geology, Kansas State University,
Manhattan KS 66506-3201, USA, *1026 N. 600 E Street, Logan UT
84341, USA, ‘Department of Geology, University of Pennsylvania,
Philadelphia PA 19104, USA.

The BP impact structure, in Libya at 25°19'N, 24°20'E, consists
of two eroded and discontinuous rings of hills surrounding a central
block, the southern half of which is deeply eroded [1]. The inner
ring is about 2 km in diameter and has an average relief of 30 m,
while the outer ring has a diameter of about 2.8 km and a maximum
relief of about 20 m. Recent space-shuttle radar studies show that
the structure probably is 3.2 km in diameter [2,3], with the outer-
most disturbed beds covered by a veneer of sand. Rocks exposed
are of the Cretaceous(?) Nubia Group and include quartz sandstone,
siltstone, and conglomerate, as well as some shocked minerals [4].
The OQasis impact structure, also in Libya (centered at 24°35'N,
24°24'E), has a diameter originally determined to be about 11.5 km.
The most prominent part of the impact structure, however, is a cen-
tral ring of hills about 5.1 km in diameter and 100 ‘m high. The
diameter of the Qasis, determined from radar i 1mages, is estimated
to be ~18 km. As at BP, a thin cover of sand obscures the outermost
disturbed beds. The structure exposes the same rocks as the BP struc-
ture (~85 km north-northwest of Oasis). As with the BP structure,
its age is constrained as younger than the target Et?ks which are
“sandstones of the Nubia Group.

Libyan Desert Glass (LDG) is an enigmatic natural glass found
in an area of about 6500 km? between sand dunes of the southwest-
em corner of the Great Sand Sea in western Egypt (near the Libyan
border). The glass has a fission track age of 29 Ma [5] and occurs as
centimeter- to decimeter-sized irregular, strongly wind-eroded pieces.
It seems likely that this glass formed by impact, but no source crater
has been determined. Evidence for an impact origin includes the
presence of schlieren and partly digested mineral phases, lecha-
telierite (a high-temperature mineral melt of quartz), baddeleyite, a
high-temperature breakdown product of zircon, and the possible
existence of a meteoritic component. However, the proximity of the
BP and Oasis structures to the LDG site has led to speculation that
one of them might be the LDG source. Our geochemical studies
provide the first data for such a comparison. We have studied the
petrographical characteristics and geochemical composition of 29
samples from the BP and Oasis sites. Petrographic studies of thin
sections of the samples showed that they represent mostly submature,
moderately to poorly sorted, medium- to fine-grained quartzite sand-

stone or quartzitic breccia. Most of the studied samples do not show
" evidence of shock, but in a few sections some quartz grains with up
to three sets of shock-characteristic planar deformation features were
found. Major-element compositions of the samples were determined
by XRF, while trace-element compositions were determined by neu-
tron-activation analysis. The results available so far indicate a lim-

tion.

ited range in composition of all analyzed samples. The average LDG
composition is very similar to the composition of some of the BP
and Oasis sample compositions, indicating a possible relation. We
are currently working on Rb-Sr and Sm-Nd isotope studies that will
provide additional constraints for or against such a relation.

Acknowledgments: Thisresearch is supported by the Austrian
Academic Exchange Service (to B.A.) and the Austrian Fonds
zur Forderung der wissenschaftlichen Forschung (to C.K.). We are
grateful to H. C. Cloete, Council of Geoscience, Pretoria, for XRF
analyses. )

References: [1] Martin A. J. (1969) Nature, 223, 940.
[2]McHone J. F. et al. (1995) Meteoritics, 30, 543.[3] McHone J. F.
et al. (1995) GSA Abstr. w. Progr, 27(6), A-209. [4] French B. M. et
al. (1974) GSA Bull., 85, 1425. [5] Storzer D. and Wagner G. A.
(1977) Meteoritics, 12, 368. [6] Barnes V. E. and Underwood J. R.
(1976) EPSL, 30, 117. [7] Rocchia R. et al. (1996) Compt. Rend.
Acad. Sci. Paris, 322, Ila, 839. [8] Koeberl C. (1997) in prepara-
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OVERVIEW OF BOSUMTWI CRATER, GHANA. S. T
Ahulu, Geological Survey of Ghana, Geologlcal Survey Department,
P.0. Box M 80, Accra, Ghana.

Lake Bosumtwi in Ghana occupies a deep circular ‘depression
with no outlet. The depression has a raised rim with a north-south
diameter of 11 km and an east-west diameter of 10 km. The rim is
250-300 m above the surface of the lake, which has a depth of ~80 m.

Early studies of the lake, dating back to 1891, appear to have
favored a volcanic origin. This view was supported by periodic
emissions of sulfurous gas accompanied by the appearance of dead
fish, as well as the interpretation of brecciated rocks in the area as
volcanic in origin. More recent studies have confirmed that the lake
is contained in an impact crater with all the features associated with
a structure this size. The crater has steep inner walls, and the pres-
ence of a central uplift buried beneath the lake sediments is inferred.

Rocks of the impact area are Precambrian and consist of meta-
morphosed upper- and lower-Birimian sediments and volcanics.
Strike is northwest-southeast, with steep to vertical dips. Small gran-
ite intrusions and a few dikes are also present.

The age of the structure has been placed at ~1 Ma. The impact-
ing meteorite has been calculated to have had a diameter of ~300 m
and a mass of ~10® tons. Evidence suggests that the meteorite had
an Fe composition {1]. '

The Geological Survey of Ghana has instituted a program of stud-
ies that includes detailed geological mapping of selected areas of
the Bosumtwi structure and ongoing seismic monitoring. The ob-
jective of this program is to gain a fuller understanding of the ef-
fects of the impact on the surrounding rocks and to explain the
sulfurous emissions. 09

References: [1] Jones et al. (19,81‘) GSA Bull. YA (7 J c; N
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OF REGIONAL HYDROTHERMAL ALTERATION. D. E.
Ames' and H. L. Gibson?, 'Geological Survey of Canada, 601 Booth
Street, Ottawa, Ontario K1A 0E8, Canada, 2Laurentian University,
Ramsey Lake Road, Sudbury, Ontario P3E 2C6, Canada.

Comprehensive field and geochronologic evidence indicates that
the 1400-m-thick Onaping Formation is a hydrothermally altered
impact crater-fill sequence with characteristics similar to pyroclas-
tic fall and flow, debris flow, and hydroclastic breccia deposits. A
major hydrothermal circulation system in the Sudbury Structure al-
tered the crater-fill deposits around the entire circumference of the
exposed structure. Evidence for a regional subseafloor hydrother-
mal system in the Onaping Formation includes vertically stacked,
basin-wide, semiconformable alteration zones in which the rocks
have undergone, from base to top, silicification, albitization, chlo-
ritization, carbonatization, and, in the uppermost zone, complex
feldspathization.

Discontinuous, semiconformable silicified zones up to 440 m
thick have been traced for more than 30 ki in the North Range at
the exposed base of the Onaping Formation. Silicified fragments
observed in overlying, relatively unaltered units 200 m above the
semiconformable zone suggest at least a partial syndepositional tim-
ing. Mineralogically, this zone consists of albite, quartz, actinolite,
chlorite, titanite, epidote and minor K-feldspar, calcite, pyroxene,
muscovite with traces of chalcopyrite, pyrthotite, covellite, sphaler-
ite, and magnetite. An earlier phase of K-feldspar alteration is over-
printed by albite, quartz, and epidote. Albitization of two types has
affected the Sandcherry member (formerly Gray member) strata in-
tensely. Whereas type 1 is a syndepositional pervasive phase, type 2
is fracture-controlled and postdates emplacement of discordant units
of “basal intrusion.” Type 1 albitization is spatially associated
with flow-banded aphanitic sills, dikes, and breccia complexes. The
least-altered units have actinolite and chlorite shards in a grayish-
green matrix. Upon increasing alteration, the shards acquire vari-
able proportions of actinolite/chlorite, albite, K-feldspar, and quartz.
Fluidal fragments are preferentially and pervasively altered. Intense
albitization has bleached the units; the matrix and most lithic frag-
ments are partially replaced. Bleached fracture-controlled albitization
has an actinolite core and/or an actinolite rim (alteration front).
Uranium-lead dating of hydrothermal titanite within the bleached
halos constrains the age of the Onaping Formation and defines the
timing of the hydrothermal system to 1848 + 3.8/-1.8 Ma. Calcite is
pervasive in the upper 1 km of the fragmental sequence except around
base metal showings and local zones of lower temperature silicifi-
cation. In detail, the upper and lower carbonate zone contacts are
slightly discordant to stratigraphy. Calcite is ubiquitous in shards
and matrix, as rims on lithic fragments, and as fragments with pyr-
rhotite, chalcopyrite, pyrite, and sphalerite. Calcite pseudomorphs
after glass suggest that the calcite is due to syndepositional alter-
ation and is not metamorphic. The upper zone of feldspathization
contains low-temperature K-feldspar with minor albite overprinted
by celsian, reflecting low-temperature seawater-rock reactions in
the shallow sub-seafloor.

Emplacement of the Sudbury Igneous Complex and sublayer
rocks provided the heat required to initiate fluid circulation in an
upper crust that contained a permeable pile of clastic rocks and re-
active glass and formed a low-temperature hydrothermal system that
produced extensive alteration zones regionally and base-metal min-
eralization locally.
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IMPACT-INDUCED HYDROTHERMAL BASE METAL
MINERALIZATION, WHITEWATER GROUP, SUDBURY
STRUCTURE. D.E. Ames', H. L. Gibson?, and 1. R. Jonasson’,
'Geological Survey of Canada, 601 Booth St. Ottawa, Ontario K1A
OES8, Canada, L aurentian University, Ramsey Lake Road, Sudbury,
Ontario P3E 2C6, Canada.

Mineralization within the basin fill of the Sudbury Structure is
vastly overshadowed by the huge production and reserves of
Cu-Ni-PGE along the outer rim of the Sudbury Igneous Complex.
The Onaping Formation is the footwall to Errington and Vermilion
massive sulfides that contain proven and probable reserves of 6.4 Mt
grading 4.36% Zn, 1.37% Cu, 1.15% Pb, and 55 g/t Ag, as well as
minor base metal and Au showings. The sulfide forms multiple
lenses; the “basal pyrite zone” is a replacement of uppermost Onaping
Formation, and the Zn-Cu ore bodies lie within a Ca-Mg carbonate
exhalite sinter vent complex that grades laterally into Mn-Fe-rich
siliceous carbonates of the Vermilion Formation. The hanging wall
consists of carbonaceous shales of the Onwatin Formation that con-
tain a 25-km? plumelike zone enriched in Zn, Cu, Fe, Ba, As, V, and
S, reflecting prolonged but diffuse hydrothermal activity. Deposits
are mineralogically simple, containing pyrite, chalcopyrite, low-Fe
sphalerite (<15 mol% FeS), galena, marcasite, pyrrhotite, and arse-
nopyrite. Freibergite and argentite occur at Errington. Gangue is
dominated by various generations of Fe-Mg-Mn-Ca carbonates,
quartz, barian-feldspar, barian-muscovite, pyrobitumen, trace barian
stilpnomelane, and rare Fe-chlorite. Minor Onaping Formation base-
metal mineralization occurs as replacement of lapillistone beds and
fragments, veins, stringer zones, disseminations, and sulfide frag-
ments situated in silicified zones near the contact with the SIC, near
the base of the regional calcite alteration zone (~! km from the top),
and near the top of the sequence in the upper units.

Mineral chemistry and assemblages show that the mineralizing
fluids had low a(O,) and a(8,). Organic C (8°C,,, = -30.2) depos-
ited in the ore bodies buffered the hydrothermal system to a low
a(0,). Silicification produced a cherty carapace above the sulfides
and locally at their base along with Ba-rich feldspars and micas.
These, as well as distal-banded Fe-Mn-carbonate and quartz/albite,
are interpreted to be the products of diffuse upflow of low-
temperature fluids. The dominant lower-temperature pyrite-sphalerite
assemblages, enriched in Zn, Cd, and Ag, are crosscut and replaced
by pyrrhotite, chalcopyrite, and high Fe-chlorite, reflecting a later
phase of higher temperature upflow. Abundant Ba throughout the
deposit suggests that late hydrothermal reworking was relatively
minor and low in temperature. Low-temperature minerals precipi-
tated at an early stage were remobilized to the top of the deposit,
and retrograde cooling facilitated low-temperature mineralization
in the remaining void spaces. The morphology and composition of
regional alteration is similar to that of volcanogenic massive sulfide
districts, and the ore assemblages are similar to those of black smok-
ers, except that these deposits formed at 200°C and not 350°C. Ex-
tensive (>1 km) hydrothermally altered peperite bodies occur near
the top of the Onaping Formation and are restricted to the south-
western part of the basin below the deposits. This implies deep-
seated, relatively long-lived fracture systems that focused melt and
hydrothermal upflow to shallow-water, low-pressure conditions.

The complex evolutionary history for the Sudbury impact crater
terminated with the major hydrothermal system at 1848 Ma. Low-
temperature, low a(0,)/a(S,), hydrothermal fluids rising through and



altering the “glassy” fragmental rocks deposited base-metal sulfides
due to interaction with carbonates at the base of the regional calcite
alteration zone and replacement of the Vermilion Formation. Hy-
drothermal fluids responsible for regional alteration and base met-
als consisted of mixtures of downwelling modified seawater, deep

crustal brines, and magmatic fluids. /£, 4 o 9 / 9 (_p
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NICKEL- AND PLATINUM-GROUP-ELEMENT-ENRICHED
QUARTZ NORITE IN THE LATEST JURASSIC MOROK-
WENG IMPACT STRUCTURE, SOUTHAFRICA. M. A.G.
Andreoli'?, R. J. Hart?, L. D. Ashwal®, and M. Tredoux?, 'Atomic
Energy Corp. of South Africa, P.O. Box 582, Pretoria 0001, South
Affica (aec@cis.co.za), 2Schonland Research Centre, University of
Witwatersrand, P.O. Box 3, Wits 2050, South Africa (hart@
schonlan.src.wits.ac.za), *Department of Geology, Rand Afrikaans
University, P.O. Box 524, Auckland Park 2006, South Africa
(Ida@rau3 .rau.ac.za), “Department of Geological Sciences, Univer-
sity of Cape Town, Rondebosch 7700, South Africa (mtd@
geology.uct.ac.za).

The 145 £ 0.8-Ma Morokweng impact structure (diameter
~350 km) is among the largest on Earth [1-3]. Borehole data [3]
show that the center of the structure is represented by a texturally
complex, sheet-like igneous body (diameter ~30 km, thickness
2170 m), interpreted as an impact melt [1,3]. These igneous rocks
consist of a variety of pyroxene-bearing lithologies, the most pre-
dominant of which is a homogeneous, medium-grained quartz norite.
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Fig. 1. Chondrite-normalized Ir concentrations of quartz norites (vertical
bar) and PGE concentrations of millerite-trevorite veins (broken lines) from
the Morokweng impact structure, compared to materials from the Barberton
greenstone belt: trevorite-rich Ni ore (field A) and coarse-grained dunite
and komatiite (field B). Data from [4] and [5].
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The melt sheet has a chilled basal contact with underlying basement
granitoids, which are intensely affected by shock and thermal meta-
morphism. In certain places, veins and dikes of heterogeneous and/
or finer-grained quartz norite, pyroxene-bearing granitoids or
pegmatoids, and granophyres crosscut the impact melt sheet.

Constituent minerals in the impact-melt rocks include plagio-
clase (An,, ), orthopyroxene (En,,), minor subophitic augite
(En,, ,, Wo,, ), and granophyric quartz-K-feldspar intergrowths.
The opaque minerals occur either as finely disseminated grains
(mainly magnetite and ilmenite) or as occasional sulfide-rich blebs
and tapering veinlets (up to 3 cm wide) in contact with pyroxenes
and quartz. The mineralogy of these veins consists of Ni- and Cu-
sulfides (Co-bearing millerite, bornite, chalcopyrite, chalcocite), Ni-
rich oxides (bunsenite, Ni-rich ilmenite, trevorite), Ni-rich silicates
(liebenbergite, willemseite), and traces of native Pt {3].

The quartz norites are marked by intermediate to acid bulk chem-
istry (Si0,= 5966 wt%, MgO = 2.4-4.9 wt%). They show poorly
fractionated REE and striking enrichments in siderophile elements
(avg Ir = 3.8 ppb, Au = 9 ppb, Ni = 480 ppm, Cr = 360 ppm).
These are equivalent to or above siderophile abundances in mantle-
derived rocks from the Barberton greenstone belt (Fig. 1), possibly
indicating an origin as impact-generated crustal melts with appre-
ciable meteoritic contamination [3]. However, Morokweng differs
from most other impacts, with the possible exception of Sudbury, in
that its impact melts show some degree of differentiation between
earlier, medium-grained quartz norite and the crosscutting, finer-
grained varieties. There is also evidence of enrichment processes
affecting the PGE and Au in the millerite-trevorite veins, which show
non-chondritic PGE patiems (avg. Os = 9.5 ppm, Ir = 7.8 ppm,
Ru = 9.9 ppm, Pt = 2.7 ppm, Pd = 23 ppm, Au = 0.9 ppm; Fig. 1).
The Ni-rich mineral assemblages are unique, although reminiscent
of an enigmatic 3.5-Ga Ni deposit from the Barberton greenstone
belt [4].

References: [1] Andreoli M. A. G. etal. (1995) Abstr. Centen-
nial Congr. Geol. Soc. §. Afr, 1, 541-544. [2] Corner B. etal. (1997)
EPSL, 146, 351-364. [3] Hart R. J. et al. (1997) EPSL, 147, 25-35.
[4] Tredoux M. et al. (1989) JGR, 94, 795-813. [5] Tredoux M. and
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SIMULATING PHASE EQUILIBRIA AND IN SITU
DIFFERENTIATION FOR THE PROPOSED PARENTAL
SUDBURY MAGMAS. A. A. Ariskin, Vernadsky Institute,
19 Xosygin Street, Moscow 117975, Russia (ariskin@glas.apc.org).

Summary: Phase equilibria calculations were performed on
the equilibrium crystallization and in situ differentiation for two
magma compositions assumed to be parental for the Sudbury Igne-
ous Complex. Preliminary results of the simulations indicate that
the observed SIC suite could not be formed during a closed-system
fractionation of a single magma body.

One of the main problems with petrological interpretation of the
Main Mass of the Complex concerns the probable genetic link be-
tween, as well as the volumetric relations of, granophyres and norites
[1]. To address this problem, we used the COMAGMAT model de-
signed for the calculation of melting-crystallization relationships in
basaltic to dacitic systems [2]. This program calculates mineral tem-
peratures and compositions step by step as the total amount of melt
is decreased.
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Fig. 1. Modeled crystallization sequences and mineral compositions.
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Fig. 2. Calculated structure of SIC “intrusion” for two parental magma
compositions.

Modeling Phase Equilibria: Figure 1 compares results of
1-atm calculations conducted for QFM buffer conditions and two
compositions proposed to be parental for SIC. SIC corresponds to
the mix of granophyres and norites in the ratio 2:1 [3], and QRN
represents the fine-grain, quartz-rich norites of the South Range [4].
Both compeositions indicate Opx to be the first crystallizing phase,
followed by plagioclase and Aug (+magnetite).

" We draw attention to the fact that the bulk SIC composition can
potentially produce about 70% of a residual melt that contains more
than 67% SiOz, whereas the QRN magma can produce only ~30%
of such a “granophyre” liquid. This does not mean, however, that
these volumetric proportions between differentiates could result from
an in situ magma differentiation process.

Simulating In Situ Magma Differentiation: Due to a poros-
ity of natural cumulates, a part of the silica-enriched liquid is known
to be trapped as an intercumulus material. To study the effect nu-
merically, we used the INTRUSION routine of COMAGMAT
designed for the simulations of magma differentiation by the con-
vective-cumulative model [5]. This model implies an efficient con-
vective process that is assumed not to prevent eventual settling of
crystals suspended in the magma and originated near the roof.
COMAGMAT links the phase equilibria and heat-mass transfer cal-
culations into a single algorithm, allowing one to analyze variations
of modeled-rock compositions through the vertical section.

We performed a set of calculations to account for the settling of

Opx, Pl, Cpx, and magnetite crystals in a magma body having an_

initial thickness of 2.5 km, followed by the formation of cumulates
containing up to 50% of intercumulus liquid. Figure 2 demonstrates
that, even in the case of highly silica enriched SIC composition, the
total amount of modeled granophyres does not exceed 25% of the

total thickness. In other words, in situ magma differentiation was
not able to produce the observed volumetric relations, if the Main
Mass indeed represents a complete section of the differentiated SIC
magma body. Reasons for the misfit between the calculated succes-
sion of crystallizing phases and resulting rock compositions and the
geochemical observations [6] are currently being explored.

Acknowledgments: This work is supported by a DFG grant
(436 RUS 17/56/97) to A. Deutsch.
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INVESTIGATIONS ON THE GREEN MEMBER OF
THE ONAPING FORMATION, SUDBURY STRUCTURE,
ONTARIO, CANADA. M. E. Avermann, Institut fiir Planetol-
ogie, Wilhelm-Klemm-Strasse 10, 48149 Miinster, Germany
(avennan@um-muenster de) s

The polymict, allochthonous breccias on the Onapmg Forma-
tion occur in the central part of the Sudbury Structure, which is re-
garded as the possible remnant of a multiring basin [1]. The origin
of these breccias has been debated for years [e.g., 2]. The Onaping
breccias were mapped in the North and East Ranges and investi-
gated in detail [3]. In this study an impact origin of the Sudbury
Structure as presented by Stoffler et al. [4] is favored.

From bottom to top, the 1800-m-thick Onaping Formation is
subdivided into Basal, Gray, and Black members. A fourth unit, the
Green member (sensu Brockmeyer [5]), formerly known as the “chlo-
rite shard horizon” [2], forms a relatively thin layer between the
Gray and Black members [6]. It attains a maximum thickness of
70 m and is thought to be continuous around the structure [7].

The Green member appears as a layer of a rather umform, strongly
chloritized breccia. The contact with the Gray member varies from
sharp to gradational. The Green member is characterized by a mi-
crocrystalline matrix of small, shocked country rock fragments, melt
inclusions, and typical chloritized melt particles, all affected by high
temperatures [6]. It is overlain by the clastic matrix breccias of the
Black member, which is characterized by a carbonaceous matrix. In
its lower unit it shows similarities to the Gray member. The upper
Black member displays textural features of reworkmg and sedimen-
tation under aquatic conditions.

The occurrence and texture of the Green member are unique with
respect to other known impact structures. Melosh and Peirazzo [8]
argue that, in large craters, plume dynamics may need to be consid-
ered as part of the late-stage impact processes. The Green member
as a melt-rich fall-back layer overlies the suevitic breccias of the
Gray member and is interpreted to represent the “collapsed fire ball
horizon” of the Sudbury Structure. As such it originated from early

_excavation to high atmospheric regimes, condensation of a vapor

phase [9], and deposition with the final fali-back material.

If tﬁhlsﬁxint—irgrgfan-bn is correct, deposition of the Green member

terminates the excavation phase. Rainout of melt particles contin-
ues into the Black members, but most of the lower Black member

Aes @1



represents redeposition and slumping of suevitic material into the
central depression (modification process).

In summary, the breccias of the Onaping Formation are inter-
preted as follows: (1) Basal member, clast-rich melt breccia;
(2) Gray member, ground surge and fall-back breccias; (3) Green
member, melt-rich fall-back; (4) lower Black member, redeposited
suevitic breccias; and (5) upper Black member, reworked impact
breccias.

References: [1] Stoffler D. et al. (1989) Meteoritics, 24, 328.
[2] Muir T. L. and Peredery W. V. (1984) Ontario Geol. Surv. Spec.
Vol. 1 (E. G. Pyeetal,, eds.). [3] Avermann M. (1992) Ph.D. thesis,
Univ. Miinster, 175. [4] Stoffler D. et al. (1994) GSA Spec. Paper
293, 303-318. [5] Brockmeyer P. (1990) Ph.D. thesis, Univ. Miinster,
228. [6] Avermann M. (1994) GSA Spec. Paper 293, 264-274.
[7] Dressler B. O. etal. (1987) Research in Terrestrial Impact Struc-
tures (J. Pohl, ed.), pp. 39-68. [8] Melosh H. J. and Pierazzo E.
(1997) LPS XXVIII, 935-936. [9] Melosh H. J. (1989) Impact
Cratering: A Geologic Process, Oxford, New York, 245 pp.
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EXTRATERRESTRIAL HELIUM (He@C,,) TRAPPED
IN FULLERENES IN THE SUDBURY IMPACT STRUC-
TURE. L. Becker',J. L. Bada!, R. ]J. Poreda?, and T. E. Bunch®,
'Scripps Institution of Oceanography, University of California at
San Diego, La Jolla CA 92093-0212B, USA, *Department of Earth
and Environmental Sciences, University of Rochester, Rochester NY
14627, US A, *Space Science Division, NASA Ames Research Cen-
ter, Moffett Field CA 94035, USA.

Introduction: Fullerenes (C,,and C, ) have recently been iden-
tified in a shock-produced breccia (Onaping Formation) associated
with the 1.85-Ga Sudbury Impact Crater [1]. The presence of parts-
per-million levels of fullerenes in this impact structure raises inter-
esting questions about the processes that led to the formation of
fullerenes and the potential for delivery of intact organic material to
the Earth by a large bolide (e.g., asteroid or comet). Two possible
scenarios for the presence of fullerenes in the Sudbury impact de-
posits are that (1) fullerenes are synthesized within the impact plume
from the C contained in the bolide [1]; or (2) fullerenes are already
present in the bolide and survived the impact event.

The correlation of C and trapped noble gas atoms in meteorites
is well established [2]. Primitive meteorites contain several trapped
noble gas components that have anomalous isotopic compositions
[3], some of which may have a presolar origin [4]. Several C-bearing
phases, including SiC, graphite, and diamond, have been recognized
as carriers of trapped noble gases [5]. It has also been suggested that
fullerenes (C,, and C.,) might be a carrier of noble gas components
in carbonaceous chondrites [6]. Recently, fullerenes have been de-
tected in separate samples in the Allende meteorite [7,8]. Carbon-
60 is large enough to enclose the noble gases He, Ne, Ar, Kr, and
Xe, but it is too small to contain diatomic gases such as N, or tri-
atomic gases such as CO,. Recent experimental work has demon-
strated that noble gases of a specific isotopic composition can be
introduced into synthetic fullerenes at high temperatures and pres-
sures; these encapsulated gases can then be released by the breaking
of one or more C bonds during step-heating under vacuum [9]. These
thermal-release patterns for He encapsulated within the C,; mol-

ecule (He@C, ) are similar to the patterns for acid residues of car- _

bonaceous chondrites [5], suggesting that fullerenes could be an

/9<
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additional carrier of trapped noble gases in acid residues of meteor-
ites.

Analysis and Results: In order to characterize the noble gas
compositions of the Sudbury fullerenes, we undertook a systematic
study of acid-resistant residues throughout the C-rich layer (Black
member) of the Onaping Formation. Samples were demineralized

and extracted using standard techniques [1]. The Onaping extracts

were analyzed using several techniques, including UV-Vis adsorp-
tion, electro spray mass spectrometry, and laser desorption (linear
and reflectron) time-of-flight (TOF) mass spectrometry (LDMS).
The Sudbury fullerenes were then separated and purified using HPLC
coupled with a photo diode array detector [10]. The HPLC extracts
containing the purified fullerenes were loaded into a metal tube fur-
nace within a glove box under a N atmosphere in preparation for
noble gas analyses. The *He and ‘He content of the fullerene ex-
tracts was measured using previously reported standard techniques
91

Discussion: Fullerenes (C,, and C,;) in the Sudbury Impact
Structure have been found to contain trapped He with a *He/He
ratio greater than 5 x 10~*. The *He/“He ratio exceeds the accepted
solar value by more than 30% and is more than 10x higher than the
maximum reported mantle value. Terrestrial nuclear reactions or
cosmic-ray bombardment are not sufficient to generate such a high
ratio. The *He/He ratios in the Sudbury fullerenes are similar to
those determined for interplanetary dust particles. The greater-than-
solar ratios of *He/He in the Sudbury fullerenes may indicate a
presolar origin, although alternative mechanisms occurring in the
ISM to explain these high ratios (e.g., spallation reactions, selective
He implantation, etc.) cannot be entirely ruled out. We are currently
attempting to isolate enough fullerene material to measure anoma-
lous Ne (or Kr or Xe) contained within the C, (¢.g., the “pure” ?Ne
component) [S] and thus determine whether the Sudbury fullerenes
are indeed presolar in origin.

References: [1] Becker L. et al. (1994) Science, 265, 642.
[2] Anders E. et al. (1975) Science, 190, 1262. [3] Black D. C. and
Pepin R. O. (1969) EPSL, 6, 395. [4] Swart P. K. et al. (1983) Na-
ture, 220, 406. [5] Zinner E. et al. (1995) Meteoritics, 30, 209.
[6] Heymann D. (1986) Proc. LPSC 17th, in JGR, 91, E135.
[7}Becker L. etal. (1994) Nature, 372, 507.[8] Becker L. and Bunch
T. E. (1997) Meteoritics & Planet. Sci., in press. [9] Saunders M. et
al. (1993) Science, 259, 1428. [10] Heymann D. et al. (1994) Sci-
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SUMMARY OF WORK IN MANICOUAGAN IMPACT
STRUCTURE. L. Boivin, Minéraux Manic Inc., Montreal, Que-
bec, Canada.

The Manicouagan impact structure is located in the central part
of Quebec at 51°25'N and 68°45'W. The 100-km circular structure
is now unanimously considered to be the product of an hypervelocity-
meteorite impact. This structure is located within Precambrian crys-

__talline rocks metamorphosed during the Grenville orogeny at 1 Ga.
On a regional scale the rocks are metamorphosed to upper amphibo-
lite and locally granulite facies trending northeast-southwest. This
structural fabric is interrupted by the Late Triassic impact structure
that created a unique suite of rocks.

... Physically, the impact structure is a complex crater with a cen-
tral uplift of anorthositic composition. These anorthosites are sur-

oy
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rounded by melt rock rimmed by a margin of latite and suevite.
Outcrops are controlled by topography. The main lithology of the
Manicouagan structure is a flat-lying sheet with angular inclusions
~250 m thick and 55 km in diameter. This has been interpreted as
impact melt rock [1]. The impact melt is intermediate in composi-
tion and shows no major vertical or lateral geochemical variation in
the melt rock [2].

The presentation of field data collected by the company will re-
flect certain interesting observations, and current work should re-
veal the causes or sources of some of them in time for presentation
at the conference. Data will include (1) the shock metamorphism
and homogeneous magnetization of all mafic minerals within a cer-
tain radius of the impact; (2) the ubiquitous highly magnetic nature
of the subaphanitic matrix of the suevite (fall-back breccia) and
whether this is due to the Ni-Fe composition of the meteorite that
fell there; (3) the condensation of gaseous silica within the suevite
unit, producing what has erroneously been identified as amygdular
tuff; (4) the presence of postimpact ultramafic magmatism; (5) the
presence of sulfide mineralization in two distinct environments; and
(6) drill results from a campaign to determine the cause of the 6000—
8000 v above background anomaly surrounding the point of impact
(4 km x 6 km) in the center of the crater.

References: [1] Floran et al. (1978). [2] Grieve and Floran
(1978). RYZY MY
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COMPOSITION AND STRUCTURE OF THE CHICXULUB
CRATER USING WIDE-ANGLE SEISMIC VELOCITIES.
J. Brittan', H. Macintyre!, and the Chicxulub Working Group,
"Department of Geology, Imperial College, London SW7 2BP, UK
(j.brittan@ic.ac.uk).

The Chicxulub seismic experiment collected wide-angle seis-
mic data using receivers on the seabed, on land, and on the sea sur-
face. Seismic energy received at wide angles contains precise
information about the seismic velocities of the material that the wave
traversed and thus can be used to infer the composition of material
to great depths within the subsurface.

We show seismic velocity images of the shallow (<3 km deep)
structure of the crater derived from marine seismic reflection data
acquired across the structure. The P-wave velocity structure of the
upper parts of the crater is derived from the inversion of wide-angle
turning ray data acquired on the streamer during the experiment and
during earlier seismic surveys for hydrocarbon exploration. The data
show clear velocity images of the peak ring, crater rim, and crater
fill. The velocity data allow for a differentiation between the Ter-
tiary fill, the impact ejecta, and the preexisting Cretaceous stratigra-
phy. Radial asymmetry of the crater structure, which was suggested
by gravity profiles in the area, is confirmed by the combined reflec-
tion/velocity analysis. The northeast-southwest radial line suggests
that the thickened low velocity (and low density) Tertiary fill is re-
sponsible for the coincident low in the gravity profile of the crater.
The northwest-southeast radial line shows high velocities relatively
close to the surface, suggesting high-velocity (and high-density)
Cretaceous sediments in this region. Comparisons with the coinci-
dent stacked seismic reflection data suggest that the peak ring of the
crater is associated with low-velocity material. These low velocities
and the position of the peak ring relative to the collapsed margins of
the transient crater suggest that it is composed of brecciated mate-

rial (which may include rocks from the deep basement). In this case
the peak ring is thought to represent the outward collapse of a gravi-
tationally unstable central structural uplift.

Seismic velocity images of the deeper parts of the crater, and, in
particular, the deep central part of the impact structure, have been
derived from wide-angle seismic energy collected on about 100 land
stations on the Yucatdn Peninsula. With further processing, these
data will show the extent of the central uplift and the effect of the
impact on the lower crust and Moho underneath the cepter of

impact. ) kY7 »
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SYNTHETIC APERTURE RADAR CHARACTERIS'ﬁ%SA
OF A GLACIALLY MODIFIED MELTSHEET, MANI-
COUAGAN, QUEBEC. P. Budkewitsch'and R. Grieve?, 'MIR
Télédétection, under contract to Canada Centre for Remote Sens-
ing, Ottawa, Canada, Geological Survey of Canada, Ottawa, Canada.

Major features of large eroded terrestrial impact craters are often
difficult to recognize in the field. Satellite images, however, pro-
vide synoptic views suitable for the examination of spatially large
features such as impact structures. As part of a larger study,
RADARSAT data are being utilized, with other SAR, LANDSAT,
and other digital (e.g., DEM) data, to characterize large terrestrial
impact structures. Here, we focus on the use of RADARSAT data to
delineate some of the characteristics of the Manicouagan impact
structure [1]. The RADARSAT data were acquired in wide mode
beam 2 (W2) centered on the impact structure and covering an area
approximately 150 km x 150 km, with a radar incidence angle of
31-39° and ground resolution of 27 m.

The pervasive tectonic fabric of the Grenvillian target rocks in
the area is clearly outlined in the RADARSAT imagery. In addition,
many lithotectonic units recognized from regional geological map-
ping are evident, due to differential erosion along zones of struc-
tural or lithological weakness. The preserved impact melt rocks at
Manicouagan occur as a flat-lying, up to 250-m-thick, tabular unit
on the ~50-km-diameter central island. The central uplifted block
of the Grenvillian basement, which penetrates the impact melt sheet,
is recognizable in the SAR imagery, contrasting sharply in radar
texture with the impact melt rocks.

The SAR terrain features visible from the area of the melt-sheet
are distinct and are similar to those typical of drumlin fields. To the
north of the Manicouagan reservoir, a glacially fluted terrain is rec-
ognized with similar features. There are several differences, how-
ever, between the appearance of true drumlins and the radar texture
of the melt-sheet area; (1) the “drumlin” features in the melt-sheet
area have smaller length-to-width aspect ratios and are topographi-
cally higher than the true drumlins composed of drift found to the
north; (2) whereas drumlins composed of drift are lenticular, many
drumlin-like features on the melt sheet have two lateral termina-
tions (swallow-tail appearance); (3) the north ends of melt-sheet
“drumlins” are characterized by high radar backscatter, indicative
of exposed bedrock and suggesting that they nucleated on a local
erosionally resistant pocket of impact melt rock; and (4) the ero-
sional pattern of the regional Grenville bedrock, as expressed in the
RADARSAT data, is profoundly different in character from the ero-
sion of the melt-sheet rocks.

While a north-northwest glacial fabric to the outcrop area of the
impact melt rocks has been recognized before in optical imagery
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[2], this drumlin-like texture is limited to SAR imagery and appears
to varying degrees in ERS-1, Seasat and airborne SAR data over
Manicouagan. It is not evident in LANDSAT data, and its distribu-
tion in SAR imagery corresponds with the geologic distribution of
the melt rocks, suggesting that, at least in this case, RADARSAT
data can be used as a lithological mapping tool. We interpret the
drumlin-like landforms developed in the melt-sheet area to be the
result of significant glacial scouring of relatively compliant, struc-
turally isotropic impact melt rock. In contrast, in the outer zone of
the impact structure, SAR data indicate that the glacial erosion pref-
erentially enhances preexisting lithotectonic fabrics or brittle struc-
tures of the target bedrock. It is difficult, however, to recognize any
radial density change in impact-related fractures in the RADARSAT
imagery over the Manicouagan impact structure. The digital topo-
graphic data to the west of the central island, however, reveal a num-
ber of discontinuous concentric valleys, which are most likely related
to structural features of the original impact crater.

References: [1] Grieve R. A. F. and Head J. W. (1983) Proc.
LPSC 13th, in JGR, 88, A807-A818.[2] Dence M. R. (1978) NASA
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NEW POTENTIAL SOURCES FOR BLACK ONAPING
CARBON. T.E. Bunch', L. Becker’, P. H. Schultz?, and W. S.
Wolbach?, 'Space Science Division, NASA Ames Research Center,
Moffett Field CA 94035, USA, Department of Geological Sciences,
Brown University, Providence RI 02912, USA, 3Department of
Chemistry, Illinois Wesleyan University, Bloomington IL 61702,
USA.

One intriguing and important issue of the Sudbury Structure con-
cerns the source of the relatively large amount of C in the Onaping
Formation Black member. This dilemma was recently addressed [1],
and the conclusion was reached that an impactor could not have
delivered all of the requisite C. Becker et al. have suggested that
much of the C came from the impactor [2] and reported the pres-
ence of interstellar He “caged” inside some fullerenes that may have
survived the impact [3]. So, conceivably, the C inventory in the
Sudbury Structure comes from both target and impactor materials,
although the known target rocks have little C. We discuss here the
possibility of two terrestrial sources for at least some of the C:
(1) impact evaporation/dissociation of C from carbonate target rocks
and (2) the presence of heretofore-unrecognized C-rich (up to
26 wt%) siliceous “shale,” fragments, which are found in the upper,
reworked Black member.

Experimental: Hypervelocity impact of a 0.635-diameter Al
projectile into dolomite at 5.03 km/s (performed at the Ames Re-
search Center vertical gun range) produced 2 thin, black layer
(=0.05 mm thick) that partially lined the crater and coated impactor

remnants. Scanning electronic microscope (SEM) imagery shows -

this layer to be spongelike on a submicron scale and Auger spectro-
scopic analyses yield: 33% C, 22% Mg, 19% O, and 9% Al (from
the projectile). Elemental mapping shows that all of the available O
is combined with Ca and Mg, Al is not oxidized, and C is in elemen-
tal form. Dissociation efficiency of C from CO, is estimated to be
<10% of crater volume. Raman spectroscopy indicates that the C is
highly disorganized graphite. Another impact experiment [4] also
produced highly disorderd graphite from a limestone target (reduc-
ing collector), in addition to small amounts of diamond/lonsdaleite/
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chaoite (oxidizing collector). These experiments confirm the reduc-
tion of C from carbonates in impact vapor plumes.

Observational: SEM observations and microprobe analyses
of small, black shalelike inclusions in the upper Black Onaping in-
dicate high C contents (7-26 wt%; avg. = 16%). They contain mostly
quartz and carbonaceous matter with small amounts of altered K-
feldspar, clays, Fe oxide, and a sulfide. No evidence of shock is
seen in quartz, and overall characteristics indicate a natural, lightly
metamorphosed carbonaceous shale or mudstone that probably ex-
isted as a preimpact rock in the target region and distal fragments
washed in during early crater filling. Fragments range in size from
tens of microns to cm and increase in abundance in the upper Black
toward the Onwatin contact, although their distribution is highly
irregular. This increase corresponds to an increase in “organic” C
with increasingly negative §*C values and S [5], together with a
decrease in fullerene abundance. In addition, we have found soot in
acid-demineralized residues of the Onwatin but not in the Onaping
samples. These data could be consistent with impact plume and at-
mospheric chemical processes, with possible diagenetic overlays.
We are analyzing carbonaceous fractions of the Onaping and Onwatin
to determine diagnostic C isotopic signatures. Analyses by White-
head et al. on bulk samples revealed no definitive source or pro-
cesses [5], although 3'*C values for “organic” C overlapped those
for some meteorites.

Discussion: If impact evaporation of Sudbury target carbon-
ates did occur, then where are the carbonates? Distal carbonate (lime-
stone/dolostone) exposures of the Espanola Formation (Huronian
Supergroup) are generally thin-bedded, although remnants that par-
tially encompass the Sudbury Crater are variable in thickness and
may locally reach 250 m [6,7]. If a carbonate thickness of 100
200 m existed at the target site, then copious amounts of C could
have been reduced by impact processing of carbonates and also C-
shale, depending on the efficiency of the processing and the amount
of postimpact oxidation.

Conclusion: The Sudbury crater offers a unique opportunity
to study preserved characteristics of immediate carbonaceous
fallback matter and particles of short-term residency in the impact
plume as well as dust/aerosols from postimpact atmospheric
processing.

References: [1] Heymann D. and Dressler B. (1997) LPS
XXVIII, 563. [2] Becker L. et al. (1994) Science, 265, 642.[3] Beck-
er L. et al. (1996) Science, 272, 249. [4] Miura Y. and Okamoto M.
(1996) Antarctic Meteorites XXI, 107 (NIPR, Tokyo). [5] White-
head R. E. S. et al. (1990) Chem Geol,, 86, 9. [6] Dressler B. O.
(1982) Ont. Geol. Surv. Rpt., 2130. [7] Meyer W., personal commu-
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ECOSYSTEM-STRUCTURE ANALYSIS APPLIED TO
INDICATION AND STUDY OF EARTH ASTROBLEMES.
G. G. Burba Jr., 236 L. W. Chase Hall, University of Nebraska, Lin-
coln NE 68583-0728, USA (agme026@unlvm.unl.edu; george-
burba@geocities.com).

Geological methods are usually used to locate and study
astroblemes. These methods are less effective if the astroblemes are
covered with glacial deposits, thick soil, or forest. For such
astroblemes, it seems possible to use a method based on analysis of
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the ecosystem structure. The rivers, geomorphology, soil, and canopy
covers jointed into the ecosystem structure have a long memory for
the catastrophic changes precipitated by impact explosion.

The ecosystem structure of the Zhamanshin astrobleme
{Kazakhstan; 48°20'N, 60°58'E) was studied by this author during a
field expedition [1]. The geomorphic data, soil profile, hydrologic
pattern, and specie composition were studied at all structural parts
of the crater (over 300 km?). Data described 90 different types of
ecosystems and included 250 individual ecosystems. Five maps were
created in 1:200,000 scale (surface deposits, geomorphology, soils,
vegetation, and drainage net). They were used together with
LANDSAT images to produce a final ecosystem map of the
astrobleme [2].

Based on the data and the experiences of the Zhamanshin expe-
dition, cameral mapping was conducted on the ecosystem structures
of three additional astroblemes. Features of the ecosystem structure
of Zhamanshin (13 km in diameter, 0.75 m.y., Kazakhstan) were
compared with those of the Popigay astrobleme (100 km diameter,
40 m.y., Siberia), the Araguinha astrobleme (40 km diameter,
250 m.y., Brazil), and the Gasses-Bluff astrobleme (22 km diam-
eter, 143 m.y,, Australia).

All compared astroblemes demonstrated very similar features of
the ecosystem structure (in spite of considerable differences in age,
climate, prevailing geomorphic processes, and display in relief):
(1) The ecosystem structures inside the astroblemes had entirely dif-
ferent patterns compared to the area outside the ejecta blanket;
(2) the landscape divisions had a concentric shape inside the
astroblemes and an elongated-spotty shape outside the astroblemes;
(3) the landscape subdivisions reflected the astroblemes’ structures
(i.e., central uplift, concentric ring uplifts, slopes, rim, and ejecta
blanket); (4) the density of different ecosystems inside the
astroblemes was higher than that of the outside areas; (5) in spite of
drastic environmental changes during geological history, patterns
of soil and vegetation types continued to keep position correspond-
ingly to initial relief of the astroblemes; and (6) the ratio of circular-
radial to chaotic patterns of the drainage net was 2.5-3x hlgher w1thm
the astroblemes as compared to the outside areas.

The above features demonstrate that the ecosystem structure of
the astroblemes can exist much longer than relief or any particular
natural component. It gives a strong indication that ecosystem-struc-
ture examination, along with geological and geophysical methods,
can be used as a research tool for the study of astroblemes.

References: [1]Burba G. G. and Meshcherskaya V. A. (1993)
Ann. Geophys., Il (11), C-451. [2] Burba G. G. (1994) Geography,

3, Vestnik Mosc. Univ.
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SEDIMENTARY INTERBEDS OF THE ROOIBERG GROUP
AT THE LOSKOP DAM SECTION, BUSHVELD COMPLEX,
SOUTH AFRICA. M. E. Caress and W. E. Elston, Department
of Earth and Planetary Sciences, University of New Mexico, Albu-
querque NM 87131-1116, USA.

The question of whether the Rooiberg Group, the basal unit of
the Bushveld Complex, represents a catastrophic event or a gradual
transition from normal Pretoria Group sedimentation to Bushveld
magmatism [1] is central to identification of the Bushveld Complex
as a multiple-impact site or the result of endogenic processes of an

unprecedented scale. The Loskop Dam section is thought to repre-
sent ponding within an annular basin of initial ejecta and later out-
flow from the volcanic or psuedovolcanic system that resulted from
a catastrophe. The Rooiberg Group in the Loskop Dam area con-
sists of a 3.5-km-thick succession of nine “felsite” units [2]. In units
1-8 sedimentary interbeds are from a few to 60 m. A 250-m succes-
sion of pyroclastic and sedimentary beds occurs between units 8
and 9. The interbeds were traced along strike for 10 km [2]. While
some interbeds separate felsite units, others occur within them [2,3].

Forty-six samples were collected from sedimentary interbeds
from unit 1 through the transition from units 7 to 8. They record
progressive changes that correlate with chemical and textural changes
in associated felsites and indicate that emplacement of the Rooiberg
Group can be divided into three stages:

1. An initial Bushveld catastrophe in a shallow subaqueous en-
vironment resulted in a multiring basin. The basal hot debris flow
preserved in the Stavoren “fragment” and the Dullstroom paleo-
channel [4] are not exposed at Loskop Dam, but a 30-m section of

‘quartzite with quartz paramorphs after tridymite is present near the

middle of unit 1. Other sedimentary interbeds in units 1 and 2 (Up-
per Dullstroom and Lower Damwal Formation) [5] are interpreted
as rapidly eroded material from uplifted rings of the pre-Bushveld
Pretoria Group, resulting in sandstone and massive breccia. Few, if
any, felsite components other than ashfall material are present in
most beds. The sandstones are graywackes with subrounded to
subangular quartz grains of silt to coarse sand, clay, sedimentary
lithic clasts, and minor plagioclase and opaque minerals [3]. Deri-
vation of quartz grains and lithics of the interbeds from the Pretoria
Group is indicated by chemical similarities between the deposits
and the scarcity of phenocrystic quartz in the felsite. Most breccias
consist of matrix-supported sedimentary clasts of Pretoria Group
rocks in a graywacke matrix. Two breccia zones, however—one
within unit 1 and the other between units 2 and 3—consist mainly
of felsite clasts in a graywacke matrix and are interpreted as locally
derived. The 1400-m Loskop Dam section of units 1 and 2 seems to
record repeated effusions of diverse superheated melts and hot-debris
flows from a central basin into a ring syncline. Eruptions may have
been triggered by influxes of resurgent waters carrying brecma of

‘local derivation (felsite) and sand from more distant sources.

2. Units 3-6 (the upper part of the Damwal Formation) record
further effusions of melts of more restricted composition during a
period of magmatic equilibration and structural adjustment. The
sedimentary interbeds are composed primarily of moderately well-
sorted orthoquartzites, which change upward from a massive bed
between units 3 and 4 to increasingly bedded sandstones with both
planar and cross bedding, interbedded with minor breccia beds con-
taining sedimentary clasts,

3. Units 7-9 reflect residual activity, as melts ethbrated with
crustal rocks. Outflow deposits of meltrocks increasingly resemble
conventional lavas and pyroclastic rocks in texture and chemical
compositions and are interfayered with pyroclastic fall beds and sedi-
mentary beds, which include erosional products of both felsites and
the Pretoria Group [3]. These rocks constitute the Kwaggasnek and
Schrikkloof Formations [5].

References: [1] Hall A. L. (1932) S. A Geol. Surv. Mem.,
28, 197-198. [2] Twist D. (1985} Econ. Geol., 80, 1153-1165.
[3] Eriksson P. G. et al. (1994) J. Sed. Petrol.,, 464, 836-846.

[4] Elston W.E. and Caress M. E., this volume. [5] Schwenzcr J. K.

etal. (1995) S. Afr. J. Geol., 98, 245-255.
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THE CHICXULUB SEISMIC EXPERIMENT. Chicxulub
Working Group: J. Morgan', M. Warner', J. Brittan!, H. Macintyre!,

D. Snyder?, R. Hobbs?, G. Suarez?, L. Marin®, A. Trejo?, R. Buffleré, .

G. Christeson’, Y. Nakamura*, A. Hildebrand®, M. Pilkington’, V.
Sharpton’, P. Maguire’, P. Denton’, G. Mackenzie’, and A. Camargo®,
Department of Geology, Imperial College, London SW7 2BP, UK,
British Institutions Reflection Profiling Syndicate, University of
Cambridge CB3 OEZ, UK, *Universidad Nacional Autonoma de
Mexico, Mexico 04510, *University of Texas Institute for Geophys-
ics, Austin TX 78757, USA, *Geological Survey of Canada, Ottawa
K1A 0Y3, Canada, *Lunar and Planetary Institute, Houston TX
77058, USA, "University of Leicester, Leicester LE1 7RH, UK,
$Petroleos Mexicanos, Villahermosa 86030, Mexico.

On the basis of an anomalous clay layer observed at Cretaceous-
Tertiary boundary sites, Alvarez et al. (1980) proposed that there
had been a large impact at the end of the Cretaceous 65 Ma. The
Chicxulub crater in Mexico, which is the largest-known Phanero-
zoic impact structure, is now widely accepted as the site of this event.

The Chicxulub impact occurred on a gradually subsiding car-
bonate platform; the crater has been slowly buried beneath Tertiary
sediments and remains relatively pristine and undeformed. Its loca-
tion below the Earth’s surface and partly onshore/offshore makes
Chicxulub an ideal target for seismic investigation; many shots fired
offshore were recorded on a dense array of offshore and onshore
receivers, providing high density data coverage at relatively low
cost. We acquired ~650 km of whole-crustal marine seismic reflec-
tion profile. The 13,000 airgun shots fired to generate these data
were recorded simultaneously at wide angle on 91 land and 34 off-
shore stations (see Fig.1). In addition, we recorded local, regional,
and teleseismic activity at 20 of the land stations for several months.
These seismic data, together with existing gravity, magnetic and well
control, provide a comprehensive image of the structure of the cra-
ter in three dimensions.
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We present intermediate stacks of the new reflection data, which
will be fully processed by fall 1997, and first results from the wide-
angle and earthquake data, which will be fully processed by fall
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STRUCTURE OF THE CHICXULUB IMPACT CRATER
FROM WIDE-ANGLE OCEAN-BOTTOM SEISMOGRAPH
DATA. G. L. Christeson', Y. Nakamura', R. T. Buffler', and the
Chicxulub Working Group, 'University of Texas Institute for Geo-
physics, 4412 Spicewood Springs Road, Building 600, Austin TX
78759-8500, USA.

During September—October 1996, BIRPS shot three seismic lines
across the offshore portion of the Chicxulub impact crater. As part
of a larger campaign with collaborators from the UK, Mexico,
Canada, and the USA, the University of Texas Institute for Geo-
physics placed 34 ocean-bottom seismograph (OBS) receivers at
10-20 km spacing along two of the three lines (Lines A and B); 32
of the instruments recorded high-quality wide-angle seismic data.
These data are being used to model the velocity structure and map
deformation of the crust-mantle boundary beneath the Chicxulub
impact crater. Seismic velocities can be used to infer compositions
and structure of the crater, to properly position the seismic reflec-
tion data in depth, and to aid in the interpretation of gravity and
magnetic modeling.

All receivers recorded a high-amplitude PmP arrival; the PmP
event is formed from energy that reflects off the Moho at large angles
of incidence. Normal-incidence Moho reflections are also of high
amplitude locally. Along Line A, located close to and parallel to the
coastline, the PmP event is delayed on receivers located within the
crater and can be modeled by crustal thickening beneath the crater.
This is in agreement with the seismic reflection data, which has the
Moho at a later two-way travel time beneath the crater. Another major
feature of the preliminary velocity model is a thickening by as much
as 2 km of material with velocities less than 6 km/s beneath the
crater. This correlates in the reflection data with the downdropping
of Mesozoic blocks and a thickening of ejecta-breccia material to-
ward the center of the crater. Preliminary modeling indicates asym-
metry in the crater structure along Line A; this asymmetry will be

refined with further analysis. 36 ?QJO ?
Gr-we OR3I7749p Gl

THE CHICXULUB IMPACT STRUCTURE AND ITS PROX-
IMAL EJECTA. P. Claeys’, A. Deutsch?, F. Langenhorst?,
S. Heuschkel!, B. Dissman?, and D. Stoffler!, 'Institut fiir Mineral-
ogie, Museum fiir Naturkunde, D-10115 Berlin, Germany (philippe.
claeys@rz.hu-berlin.de), Institut fir Planetologie, Universitit
Miinster, D-48149 Miinster, Germany (deutsca@uni-muenster.de),
3Bayerisches Geoinstitut, D-Bayreuth, Germany.

The well-preserved Cretaceous-Tertiary (K/T) boundary
Chicxulub crater, in Yucatin, Mexico, lies buried under approxi-
mately 1 km of Cenozoic sediments. The conflicting interpretations
of size and morphology of the Chicxulub structure, ranging from an
=180-km central peak crater [e.g., 1] up to a 310-km multiring im-
pact basin [e.g., 2], demonstrate our limited knowledge of the
original structural features of large (>100 km in diameter) terres-
trial-impact structures. Only two other large structures are known
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on Earth: the deeply eroded 2023-Ma Vredefort structure, South
Africa [3], and the 1.85-Ga Sudbury structure [4]. The Sudbury,
Canada, structure is highly tectonized, yet still contains a complete
section in the central depression ranging from crater-floor litholo-
gies up to the post-impact crater infill. Areas outside the inner ring,
bowever, are eroded to the sub-crater floor level [4]. Analogies of
Chicxulub to smaller, well-preserved craters such as the Ries are
restricted, since the K/T impact occurred on the continental shelf in
an area characterized by an ~3-km-thick sedimentary sequence top-
ping Pan-African basement lithologies. Deciphering structural fea-
tures of Chicxulub thus requires the combination of geophysical data
with petrology and shock barometry of the impactites recovered by
drilling. So far, relatively few studies have focused on impact litholo-
gies in the crater or its vicinity. We are currently analyzing impactites
from the Pemex wells Yucatan 6 and Chicxulub 1 with microscopic,
microchemical, geochemical, and isotopic techniques. To detect a
possible impactor contamination (“meteoritic component”), we have
analyzed Chicxulub core samples for PGE abundance. The Ir con-
tent of the Chicxulub impactites appears elevated (15 ppb), but it is
heterogeneously distributed in the melt-breccias, perhaps as small
Ir nuggets a few um long [5]. The proposed high meteoritic compo-
nent of the Chicxulub impactite, combined with the almost uniform
Ir-rich layer found at more than 112 K/T sites worldwide, advocates
a much larger impactor than the 10-km object of the original hy-
pothesis [6], and thus favors the larger crater estimates. Despite the
large number of analyses, we could not reproduce the high Ir con-
tent given by Schuraytz et al. [5]. Iridium concentration was sys-
tematically below 0.1 ppb in all 50 samples, and extensive SEM/
BSE searches of impact melt-breccia failed to reveal any Ir nuggets.

Due to the specific target situation, and the seemingly quick re-
covery of “normal” sedimentation in the Gulf of Mexico region,
Chicxulub provides a unique opportunity to study the original dis-
tribution of ejecta in the near and far vicinity of a large impact cra-
ter. Recently, two ODP cruises (leg 165, Nicaragua rise; leg 171b,
east of Florida) identified up to 20-cm-thick sequences of proximal
ejecta. Analyses of the K/T sequence in Belize and the Gulf of Mexico
region show that a large part of the ejecta is made of carbonate ma-
terial originating from pre-impact platform sediments. In Belize,
the K/T boundary is marked by a clastic-matrix breccia composed
of huge dolomite blocks [7]. At more distal sites, the gjecta bed is
composed of carbonate clasts associated with a few shocked miner-
als and many clay spherules, some with a preserved impact glass
core. Thickness of the ejecta unit ranges from 0.5 to I m. It was
highly reworked and probably transported by the tsunami waves
triggered by the impact. The abundance of carbonate material in the
ejecta clearly illustrates the special role played by the ~3-km-thick
sedimentary layers of the Chicxulub target. The aerodynamically
elongated shape of some of the clasts and its association with glass
may indicate that it was transported as molten particles. Other, more
angular fragments were clearly ejected as solid particles. For under-
standing long- and short-term atmospheric effects of the Chicxulub
event, it is essential to better confine the phase under which this
limestone ejecta was transported—specifically, whether it was trans-
ported as solid CaCO, (and evaporites), as molten or residual CaO,
or in vaporized form. Sedimentological and petrographic observa-
tions may serve as a test for calculated reactions of CaCO, to shock
loading [8].

Acknowledgments: Research is supported by DFG grants Cl
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CHEMICAL COMPOSITIONS OF CHICXULUB IMPACT
BRECCIAS. C. M. Corrigan!, V. L. Sharpton?, T. A. Vogel', and
L. E. Marin®, 'Michigan State University, East Lansing MI, USA,
Lunar and Planetary Institute, Houston TX, USA, *Universidad
Nacional Auténoma de Mexico, Mexico City, Mexico.

The excellent preservation state of the Chicxulub structure pro-
vides an unprecedented opportunity for studying the debris deposits
generated in large-body impact events. The crater formed on a
2-3 km-thick Cretaceous platform underlain by a crystalline base-
ment of Pan-African age [1]. We are examining breccia matrix ma-
terials from three holes (US, U6, U7) drilled into the southern flank
of the basin [1-3], as well as a selection of Pemex core samples of
breccia (Y6-1196m) and basement rocks (Y2-3330m, Y1-3151m).
Major- and trace-clement analyses have been completed on these
breccia samples using X-ray fluorescence (XRF) to determine the
chemical compositions of matrix materials and the proportions of
individual target lithologies that have been incorporated into these
breccias.

The results shown in Table 1 indicate that the matrix of the U5
(~110 km) breccia samples contains more than two-thirds silicate
material. This breccia is predominantly primary ejecta derived from
deep crystalline target units. There is only a very small representa-
tion of material from the platform sequence in these breccias. This
is consistent with previous interpretations of the US breccia as cra-
ter suevite [2,3]. In terms of major oxides, the US suevite is similar
to the breccia from the Y6-N14 core interval collected from near the
center of the basin.

The U7 (~125 km) well shows high SiO, compositions in samples
from the upper portion of the breccia sequence. At greater depths,

MgO

Fig. 1.

Compositional plot of XRF data.



TABLE 1. XRF data normalized to 100%.
Sample SiQ, ALO, MgO Ca0
Y6-1196m 57.41 12.81 467 13.35
U5-360m 48.75 10.77 10.35 16.36
U5-362m-1 55.74 13.92 289 10.24
U5-362m-2 49.22 11.08 9.11 16.65
U5-365m 50.78 11.18 10.69 13.76
U5-389m 48.04 11.35 6.92 2041
U5-390m 49.13 11.67 5.37 2042
U5-397m 46.87 11.50 537 23.57
U5-400m 48.41 10.78 6.85 20.84
U5-420m 52.55 11.51 8.85 14.72
U5-450m 46.64 10.97 5.67 2451
U5-480m 38.32 8.35 7.08 37.73
U5-483m 39.19 8.63 7.65 35.76
U5-489m 35.17 8.25 1.75 40.53
U7-244m 26.92 6.47 1443 45.80
U7-318m 33.18 7.21 10.75 4222
U7-335m 35.28 8.05 11.79 37.34
U7-699m 12.52 1.85 1.81 81.46
U6-302m 4.14 0.79 2842 65.00
U6-508m 3.14 0.46 32.76 299
Y2-3330m 87.27 0.82 0.18 10.42
Y1-3151m 67.35 13.69 229 1.58

SiO, appears to be considerably lower, indicating a compositional
boundary somewhere between ~350 and 675 m in depth. This is
consistent with the inverted stratigraphy present in ejecta from the
Ries Crater, Germany, where suevitic breccias lie above bunte brec-
cias in the stratigraphic sequence {2,3]. These data also indicate that
the $i0, decreases as a function of increasing radial distance, from
40-50% in the U5 samples to ~35% in U7 breccias and <5% in U6
(~150 km).

These observations support the basic stratigraphic interpretation
that US sampled only suevitic breccias, U7 sampled suevites over-
lying bunte-breccia type deposits, and U6 sampled only bunte-
breccia deposits.

References: [1] Sharpton et al., this volume. [2] Sharpton
V.L.andMarin L. E., Ann. N. Y. Acad. Sci., in press. [3] Marin L. E.
and Sharpton V. L. (1996) Meteoritics & Planet. Sci., 31, A82.
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FUNNEL-SHAPED EMPLACEMENT GEOMETRY OF THE
SUDBURY IGNEOUS COMPLEX: A STRUCTURAL PER-
SPECTIVE. E.J. Cowan' and W. M. Schwerdtner?, !Tectonics
Special Research Centre, Department of Geology and Geophysics,
University of Western Australia, Nedlands, Perth 6907 WA, Austra-
lia (jcowan@geol.uwa.edu.au), 2Department of Geology, Univer-
sity of Toronto, Ontario M5S 3B1, Canada (fried@quartz.
geology.utoronto.ca).

Published emplacement scenarios for the 1.85-Ga Sudbury Ig-
neous Complex (SIC) based on geochemical studies suggest that
the complex is either (1) a differentiated impact melt sheet [1,2],
(2) an impact-induced magmatic intrusion [3], or (3) 2 combination
of the two processes [4,5]. Geochemical data do not appear to pro-
vide a singular interpretation; therefore, an independent petrofabric
study of the SIC phases was conducted to test these rival emplace-
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ment models and determine the original geometry of the complex
[6]. The impact-melt model requires the melt-body to have been
emplaced in a large flat-floored impact crater, with its subsequent
differentiation into norite, gabbro, and granophyre phases of the SIC
[1]. The folded Whitewater Group, which consists of the fall-back
breccia (Onaping Formation) and turbidite deposits (Onwatin and
Chelmsford Formations), overlies the SIC. While the folded nature
of the Whitewater Group is well documented, the mechanism of
how the SIC assumed its present funnel-shaped geometry has not
been thoroughly examined.

Linear-planar (L-S) igneous mineral fabrics, initially identified
with the aid of anisotropy of magnetic susceptibility (AMS), were
confirmed by image analysis of unstrained gabbro and norite samples
collected in the SIC. The igneous foliation (S) is subparallei to the
inclined contacts of the SIC, while the mineral lineation (L) is par-
allel to the dip-direction at each site. This pattern is consistent with
an apparent radial arrangement of L within the SIC, with the L tra-
jectories converging in the center of the Sudbury Basin.

Qualitative models for several emplacement scenarios are com-
pared with the regional igneous fabric pattern of the SIC gabbro-
norite. Of these models, only intrusion scenarios dominated by
frictional shearing between the wall and the magma and gravita-
tionally driven reorientation of minerals within the magma chamber
explain the radial pattern of L. The L pattern cannot be reconciled
with crystal settling and convection in a horizontally ponded impact
melt. The occurrence of sirnilar L-S fabrics in the gabbro and norite
phases implies that the processes responsible for the mineral fabric
persisted during magmatic fractionation. This suggests that gravita-
tionally driven magma readjustments are likely to be responsible
for the L-S fabrics, which is consistent with a basin- or funnel-shaped
geometry for the SIC at the time of its solidification. Similar radial
arrangements of mineral lineation have been documented in other
funnel-shaped mafic intrusions [7-9] but have not been identified
in impact melt bodies.

In contrast to the contact-parallel orientation of the gabbro/norite
mineral foliation, the granophyre is characterized by contact-orthogo-
nal mineral lineation. The largely undeformed nature of this
crescumulate fabric in the “north lobe™ of the Sudbury Basin indi-
cates that the SIC was not folded with the Whitewater Group. In-
stead, the low strain levels (<15% shortening strain as estimated
from AMS numerical modeling) recorded by the granophyre in the
north lobe is consistent with the SIC intruding along a curved inter-
face between the Whitewater Group and the basement rocks. This
pre-intrusive curvature, with dips of up to 70°, may have resulted
from folding; however, it is more likely that it was a topographic
feature created during the impact event.

References: [1] Grieve R. A. F. etal. (1991) JGR, 96, 22753-
22764. [2] Deutsch A. et al. (1995) Geol. Rundsch., 84, 697-709.
[3] Norman M. D. (1994) GSA4 Spec. Paper, 293, 331-341. [4] Chai
G. and Eckstrand O. R. (1993) Geol. Surv. Can. Paper, 93-1E, 219~
230. [5] Chai G. and Eckstrand R. (1993) Chem. Geol,, 112, 22]1-
244, [6] Cowan E. J. (1996) Ph.D. thesis, University of Toronto.
[7] Brothers R. N. (1964) J. Petrol., 5,255-274.[8] Nicolas A. et al.
(1988) Tectonophysics, 151, 87-105. [9] Quadling K. and Cawth
R G. (1994) S. Afr- J. Geol,, 97, 442-454. J(‘, 7 &) / aﬂ
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SUDBURY: GEOCHEMICAL EVIDENCE FOR A SINGLE-
IMPACT MELTING EVENT. A. P. Dickin and J. H. Crocket,
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Early geochemical investigations on the Sudbury Igneous Com-
plex led to its interpretation as a single stratified body. The increas-
ing weight of evidence favoring an impact origin for Sudbury has
led to wide acceptance of the upper parts of the complex as crustal
melts, but this has been accompanied by suggestions of a separate
origin for the lower parts of the complex.

We have argued in the past for an impact-melting origin for the
basal units of the complex, based on their Os-isotope signature and
the similarity of their isotopic signatures to shock-melted Sudbury
breccias. However, petrological and geochemical evidence must also
be examined to understand the internal relationships between the
lower and upper parts of the complex.

Petrologically, there is evidence for gradational contacts between
the main units of the complex (norite, oxide-gabbro, and granophyre),
and their major-element chemistry can be explained by crystal frac-
tionation from a single parent magma. These relationships can be
tested by ratios of incompatible trace elements and isotopes. For
example, Ce/YD ratios in the upper and lower parts of the complex
show much greater similarity with each other than with most of the
possible crustal sources of the complex, and these ratios also show
a tendency toward reduced variability in the upper parts of the
complex.

Isotopic evidence points to a similar process of homogenization
in the upper part of the complex. Generally, Pb, Sr, and Nd isotopic
variation decreases in the following sequence: Country rocks—
Sudbury breccias—Sublayer inclusions and norites—Main Mass norite,
gabbro, and granophyre. However, Pb, Nd, and Sr isotopic syste<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>